Foreword "Ordinary" matter, which comprises the stars, the planets, you and me or indeed the book that you are holding in your hands, is composed of atoms. At present, these are grouped into 118 elements in the periodic table of elements, of which only 80 are considered as stable. Each element is distinguished by the number of protons making up its nucleus, which is surrounded by an equal number of electrons, thus assuring the atoms' electrical neutrality. Yet, throughout the entire universe, "ordinary" matter is for the most part (almost 99%) made up of ions, charged atoms that have lost (or sometimes gained) one or more electrons. They are grouped in plasmas, mixtures of neutral or ionized atoms or molecules, free electrons and photons interacting with one another. The hotter the plasma, the more its components possess high energy and the more the ions lose electrons through mutual collisions or with free electrons, or indeed through the absorption of photons. The study, from Earth, of astrophysical plasmas such as the stars or the interstellar medium can essentially be conducted only through the observation of the photons that they emit or absorb. Thus, the study of photon-ion interaction processes such as photoabsorption (a global process by which the ion absorbs a photon, the energy brought by the absorbed photon being able to tear one or several electrons from the ion, i.e. photoionization, or to excite one or more electrons from the ion's electron cloud, i.e. photoexcitation) is of particular interest.
While ions exist throughout the universe, producing a large number of ions in a well-defined charge state in the laboratory remains a major challenge. A method commonly used by physicists involves producing a plasma inside an ion source, extracting ions from it by applying an electrical field and then selecting them in terms of charge and mass using a magnetic field. Beams of selected ions are thus formed, which are made to interact with beams of other particles (atoms, ions, electrons and photons), to closely study the different excitation and ionization xii Screening Constant by Unit Nuclear Charge Method processes that take place inside the ions. In addition to being of fundamental interest, the results of these studies are also useful to plasma physics, particularly for modeling the plasma spectral opacity, a measurement of their impenetrability to electromagnetic radiation.
The launch of satellites, such as Chandra or XMM Newton, in the early 2000s to observe the astrophysical plasmas in the field of X-rays (with energies of photons between 0.1 and 10 keV) was one of the motivations for conducting laboratory experiments aiming to study the ion-photon interaction processes within this energy range. The synchrotron radiation emitted by electrons circulating within storage rings constitutes the ideal source of X-ray photons thanks to its high intensity emitted over a very wide spectral range. Thus, experiments have seen the light of day in various synchrotron radiation centers around the world (Daresbury in England, ASTRID in Denmark, ALS in the United States, Photon Factory and SPring-8 in Japan, BESSY and PETRA III in Germany and LURE and SOLEIL in France). They all have in common the property of mixing a selected ion beam with a monochromatic photon beam and studying the photoionization/photoexcitation processes, essentially by detecting the charge of the ions after their interaction with the photons. The measured atomic parameters are the absolute photoionization cross-sections, the probability that the photon will tear one or more electrons from the ion, the resonance energies (the energy needed by the photon to excite one electron from the electron cloud of the ion toward a higher atomic orbital) and the spectral width of these resonances, which are linked to the lifetime of the excited electronic states produced during the photoexcitation process. One of the difficulties inherent in these experiments resides in the very low density of target ions (typically 10 3 -10 5 ions/cm 3 , comparable to the density of the Earth's ionosphere). The resulting low count rates require, in compensation, long data acquisition times, hardly compatible with the very limited experiment times available in the synchrotron radiation centers. It thus becomes crucial, prior to conducting the experiments, to have as accurate an estimation as possible of the photon energies to observe resonances. This is where the method of screening constant by unit nuclear charge developed by Dr. Ibrahima Sakho reveals its full strength. Despite, but above all thanks to, an extremely simple formalism not requiring the use of supercomputers, it rapidly provides, with an accuracy close to that given by much more sophisticated, detailed atomic computing methods, the position of the excitation resonances as well as their width. This semi-empirical method benefits, in return, from experiment feedback, with each new piece of experimental data enabling fine tuning of the accuracy of its predictions.
Foreword xiii
The reader will find in this compendium a clear explanation of the screening constant by unit nuclear charge method, which may be applied immediately and in a straightforward manner to numerous fields of physics relating to atomic spectroscopy.
Jean-Marc BIZAU

Preface
Approximately 99% of visible matter within the universe is in the form of plasma. Knowledge of the ion-photon interaction processes is thus decisive in understanding astrophysical observations, such as star opacity and the abundance of chemical elements. From a theoretical point of view, the application of the independent-particle model has proved unsuitable for the description of electronic correlation phenomena in astrophysical and laboratory plasma. In general, the theoretical and experimental methods provide accurate values of the resonance energies and natural widths of the Rydberg series of multi-electron atomic systems. However, numerous ab initio (i.e. non-empirical) methods use excessive mathematical developments and complex I.T. programs via computing codes to obtain accurate values of the resonance parameters. It is therefore not possible to express either the resonance energies or the natural widths of the excited states of atomic systems analytically using the existing ab initio methods. In this book, we describe the formalism of the screening constant by unit nuclear charge (SCUNC) method, applied to the correct description of electronic correlation phenomena in complex atomic systems using simple analytical formulas. However, with resonant photoionization being the principal process governing photon-ion interaction in plasmas, this book comprises numerous sections enabling an understanding of several physical aspects linked to the photoionization processes of multicharged atomic systems.
In Chapter 1, the different photoionization processes are described, along with the Rydberg series. Chapter 2 provides a brief review of the principal theoretical and experimental methods applied to the study of resonant photoionization of atomic systems. The fundamental concepts of photoionization cross-section and quantum defect are explained in this chapter. Chapter 3 is dedicated to presenting the formalism of the SCUNC method. The application of the SCUNC method to calculations of resonance energies and natural widths of atomic systems is the subject of Chapter 4. This book is the first of its kind to provide students with a xvi Screening Constant by Unit Nuclear Charge Method theoretical method, enabling them to calculate, directly and accurately, the resonance energies and natural widths of the Rydberg series of atomic systems, from the least complex (helium-like systems) to the most complex (multicharged polyelectronic atomic systems) using simple analytical formulas. For this reason, the applications are proposed in the form of corrected exercises at various points throughout Chapter 4. Also proposed in this book are numerous exercises enabling an understanding of the properties of the Rydberg series within the framework of the new interpretation of supermultiplets based on the introduction of new quantum numbers of angular (K and T) and radial (A) correlations. In addition, accurate reference data on the resonance energies and natural widths of the Rydberg series of various atomic systems are presented in the form of tables in the last part of the book. In the appendices, we explain the detailed calculation of the screening constant by unit nuclear charge relative to the ground state of two-electron atomic systems. Moreover, we have described in the form of a summary the formalism of Slater's atomic orbital theory, which is only applicable to the calculation of the energy of atomic systems' ground states. Slater's modified atomic orbital theory, applicable to accurate calculations of resonance energies and natural widths of Rydberg series of multicharged atomic systems, is also presented in the appendices. Finally, a comparison of the formalisms of the screening constant by unit nuclear charge method and Slater's modified atomic orbital theory is proposed at the end of this book in the form of articles published in English.
This book thus constitutes a solid work tool for third year undergraduate physics students, postgraduate fundamental physics students and PhD students whose subject relates to atomic sprectroscopy. In addition, this book is a very good source of documentation for theoreticians and experimenters aiming to study the interaction of electromagnetic radiation with neutral and multicharged atomic systems present in astrophysical plasmas as well as those present in laboratory plasmas.
Finally, I express my sincere thanks to Dr. Jean-Marc Bizau of the University of Paris-Sud for accepting me into his research group at the synchrotron radiation center at SOLEIL and for writing the preface to this book. Our highly fruitful collaboration since 2012 has resulted in five international publications to date. The various experimental campaigns at SOLEIL enabled testing of the screening constant by unit nuclear charge method, which, thanks to an extremely simple analytical formalism, provided, for each test, a highly accurate value of the position of the excitation resonances as well as their widths to be measured. Dr. Bizau was also a member of my National PhD thesis jury (2013), as an examiner. His rereading and constructive criticism greatly contributed to the fine tuning of the formalism of the SCUNC method.
I also express my deepest gratitude to Professor Mamadi Biaye, Dean of the Faculty of Education and Training Sciences and Technologies (FASTEF) at Cheikh
Introduction
In general, approximately 99% of visible matter in the universe is in the form of cold plasmas (electrons more energetic than neutral species and ions) and hot plasmas (highly energetic electrons and ions) interacting with the electromagnetic radiation composed of photons. Knowledge of the ion-photon interaction processes is thus decisive in understanding the astrophysical observations, such as star opacity and the abundance of chemical elements, and the processes evolving in laboratory plasmas, such as those produced by laser, as well as in thermonuclear fusion plasmas. In addition, the transportation of energy into dense, hot plasmas is mainly governed by photoabsorption by ions of the plasma. This photoabsorption process has a maximum intensity within the XUV energy range of the photons. For example, in the stars, and in particular in the Sun, it is the iron ions that contribute essentially to the transportation of energy from the center of the star outward, with the light elements having already lost all or most of their electrons [ELH 10 ].
The photoionization of neutral atoms and of ions is thus one of the fundamental processes produced within the core of the stars. Consequently, it is important to hold numerical data on the resonance parameters (notably energies and natural widths), useful above all for the Opacity Project [SEA 87], which is a wide international collaboration created in 1984, with the main aim of calculating and compiling in catalog form the collisional and radiative properties of all ionization states of the light elements of the periodic classification table.
In approximately 1054, Chinese and Indian astronomers observed the explosion of a star, which still remains observable today, from the Crab Nebula (Figure I.1) . In this stellar remnant, it can be clearly observed that the light emitted at the core of the star is absorbed at the upper layers. This lack of transparency affects the stars' structure, which makes it difficult to study the chemical composition of their cores. Thus, astrophysicists use the opposite of transparency, that is, opacity, to measure the capacity of the photons in crossing a stellar gas layer. A low opacity indicates high transparency of the superficial layers of the stars, whereas a high opacity implies low transparency. In addition, the opacity of a layer of matter depends on its chemical composition, density (opacity increases with gas pressure) and temperature (photons escape more easily in a very hot plasma, where the atoms have lost all their electrons, than in a cold plasma composed inter alia of neutral species). A classification of the plasmas according to their electronic densities and their temperatures is indicated in Figure I .2. Among the hottest plasmas are those of the solar core with an electronic density of approximately 10 25 electrons/cm 3 and an internal temperature of the order of 10 7 K. Cold plasmas such as interstellar clouds have an electronic density of less than 1 electron/cm 3 and a temperature of less than 10 4 K. , when the temperature of the stellar gas becomes increasingly higher.
Thus, astrophysical systems such as stars and nebulas emit spectra characteristic of the chemical elements comprising them. However, if light crosses cold matter, such as the outer layers of the stars, an absorption spectrum can instead be observed. The dark lines obtained then characterize the elements present in the matter crossed. Among those atomic systems of major interest in astrophysics and which are the subject of intense research on an international scale, both theoretical and experimental, are feature systems with more than two electrons. We cite several examples of these atomic systems in illustration of our remarks. Recently, considerable investigations have been conducted doubly in terms of both theory and experimentation, to study the photoionization processes of the B + ion. Using a synchrotron radiation at ALS, Schippers et al. [SCH 03] Studying magnesium photoionization thus remains a major challenge because, being a neutral species, it can notably contribute to the opacity of interstellar gases. In the near past, experimental studies [WEH 07] and theoretical studies [WAN 10] were conducted on the calculation of resonance energies and widths of Rydberg series, 3pns 1 P, 3pnd 1 P, 3pns 3 P, 3pnd 3 P and 3pnd 3 D, due to the electronic transitions, 3s
Furthermore, nitrogen isoelectronic ions for significant photoabsorption processes from low-energy metastable states were observed in both the upper layers of the terrestrial atmosphere [MEI 91] [SAK 13a, SAK 13b, SAK 13c] , the general formalism of the SCUNC/CEUCN method was set out [SAK 13c ] and then applied to the study of the resonant photoionization of a large number of atomic systems (see Bibliography, sections B and C). Moreover, various experiment campaigns at SOLEIL enabled the testing of the SCUNC/CEUCN method, which, thanks to an extremely simple analytical formalism, provided, for each test and with high accuracy, the position of the excitation resonances as well as their widths to be measured. This international collaboration, initiated in 2012 with Dr. Jean-Marc Bizau, has formed the subject of five international publications to date.
1
Different Photoionization Processes, Rydberg Series
Photoionization processes
As we specified in the Introduction, the majority of visible matter in the universe is in the form of plasmas. Numerous astrophysical observations (star opacity, chemical composition, etc.) are conveyed by photons. Some of these photons are sufficiently energetic to induce the photoionization of atoms and ions. Studying the interaction between the photon and the ionized matter is thus of great importance as it enables an understanding of the processes evolving within astrophysical and laboratory plasmas. In general, ion photoionization is considered to be the fundamental process governing the dynamics of photon-ion interactions in hot plasmas, such as those of stars and nebulas [BRE 86] or in fusion plasmas created by inertial confinement experiments [HOF 90] in tokamaks.
In general, the processes of direct and resonant photoionization and the processes of multiple photoionization are distinguished, determined by the shake-off and Auger-deexcitation phenomena. These different processes are explained in detail below.
Direct photoionization and resonant photoionization
In plasmas composed of ions of type X n+ , there are two main photoionization processes, namely direct photoionization (DPI) and resonant photoionization (RPI). These two processes are illustrated in Figure 1 .1. Direct photoionization corresponds to the direct transition of one of the electrons of the X n+ ion to a continuum state. It is a threshold process, which is only possible if the energy of the light-radiation photon is higher than the binding energy of the electron (e photoionization is a process that evolves in two stages, namely photoexcitation and autoionization. When the photon's energy is higher than the first ionization threshold of the X n+ ion (a necessary condition for autoionization and not for photoexcitation), the photon's absorption by the ion can provoke the transfer of one or more electrons from the X n+ ion toward its linked unoccupied orbitals. This phenomenon corresponds to the photoexcitation process and leaves the ion in an excited state, X* n+ .
Figure 1.1. Illustration of the processes of direct photoionization (DPI) and resonant photoionization (RPI)
